Background--Heart failure (HF) is common and is associated with high mortality. We aimed to determine associations of serum parathyroid hormone (PTH) and 25-hydroxyvitamin D (25[OH]D) with incident HF and left ventricular mass.
H eart failure (HF) is common and is associated with high morbidity and mortality. 1 Thus, identification of modifiable risk factors may help prevent HF and its associated complications. Potential modifiable risk factors for HF include alterations in mineral metabolism. [2] [3] [4] [5] [6] For example, parathyroid hormone (PTH) receptors may act directly on cardiomyocytes, vascular smooth muscle, and endothelial cells 7, 8 to induce hypertrophy 9 or to increase afterload [10] [11] [12] [13] Similarly,
25-hydroxyvitamin D [25(OH)D]
deficiency may promote cardiovascular disease via negative regulation of the reninangiotensin-aldosterone system, 14 stimulation of inflammatory cytokines and oxidative stress, 15 endothelial dysfunction, 16 and induction of cardiac hypertrophy. 17 Further study of alterations in PTH and 25(OH)D and risk of HF in humans may provide data to guide development of optimal therapies to prevent HF. Several observational studies have reported associations of circulating 25(OH)D and PTH concentrations with HF risk. However, these studies have several limitations. Many prior studies have included participants with prevalent HF (rather than incident HF), [18] [19] [20] which increases the concern for residual confounding, reverse causality, and survivor bias. Furthermore, several reports have been restricted to elderly adults 3 or primarily white populations, 3, 21, 22 with poor representation of racial/ethnic groups such as African Americans, who have a disproportionate burden of HF risk. 23 Moreover, few have studied both 25(OH)D and PTH concentrations together or have accounted for other mineral metabolism markers, such as serum calcium, which has also been associated with cardiovascular disease. Therefore, it has been difficult to differentiate in prior studies whether the observed associations with HF are independent of other mineral metabolism markers. Therefore, we studied associations of serum PTH and 25 (OH)D concentrations with incident HF in a racially/ethnically diverse group of participants without cardiovascular disease at baseline in the Multi-Ethnic Study of Atherosclerosis (MESA) study. We also examined the cross-sectional associations of these mineral markers with left ventricular mass (LVM) to determine whether induction of cardiac hypertrophy was a plausible mechanism linking alterations in PTH and 25 (OH)D with incident HF. We hypothesized that higher PTH and lower 25(OH)D concentrations would be associated with higher LVM and greater incidence of HF.
Methods Study Population
The MESA is a community-based prospective cohort study of clinical and subclinical cardiovascular disease. 24 Between 2000 and 2002, MESA enrolled 6814 adults 45 to 84 years of age from 6 field centers (New York and Bronx counties, New York; Baltimore City and County, Maryland; Forsyth County, North Carolina; Chicago, Illinois; St. Paul, Minnesota; and Los Angeles, California). Only individuals without known prevalent clinical cardiovascular disease, defined as myocardial infarction, angina, stroke, transient ischemic attack, heart failure, atrial fibrillation, use of nitroglycerin, prior angioplasty, coronary artery bypass grafting, valve replacement, pacemaker or defibrillator implantation, or any surgery on the heart or arteries, were eligible to participate. Each site's institutional review board approved the study, and all participants provided informed consent. For our analysis, we excluded participants with missing measures of PTH and/or 25(OH)D (N=350) and those without follow-up data (N=5), leaving a final analytic population of 6459 participants.
Measurement of Serum PTH and 25(OH)D Concentrations
Serum samples were collected in the morning at the baseline MESA examination in 2000-2002, after an overnight fast. These samples were stored at À80°C until they were shipped to the University of Washington for analysis in 2011-2012. Intact serum PTH was quantified using a 2-site immunoassay on a Beckman Access2 clinical analyzer (Beckman-Coulter, Inc, Brea, CA). 11 The reference range, determined from the 
Incident HF
Cardiovascular disease outcomes were adjudicated by the MESA events committee, which included cardiologists, physician epidemiologists, and general clinicians, 24, 27 who review the reports gathered by a team of trained individuals who interview participants by phone and gather the appropriate records on each of the reported events. Details regarding the MESA processes and criteria for verifying, classifying, and adjudicating cardiovascular events have been previously reported. [27] [28] [29] Briefly, in addition to the follow-up MESA examinations, a telephone interviewer contacted each participant every 9 to 12 months to inquire about all interim hospital admissions, cardiovascular outpatient diagnoses, and deaths. In order to verify self-reported diagnoses, copies were requested of all death certificates and medical records for all hospitalizations and outpatient cardiovascular diagnoses. Next of kin interviews for out-of-hospital cardiovascular deaths were obtained. MESA was successful in getting medical records on an estimated 98% of hospitalized cardiovascular events and information on 95% of outpatient cardiovascular diagnostic encounters. Follow-up telephone interviews were completed in 92% of living participants. The end point evaluated in this study was a composite of probable and definite HF. An adjudicated diagnosis of probable HF required the following: clinical HF symptoms or signs, a physician diagnosis of HF, and medical treatment for HF. An adjudicated diagnosis of definite HF additionally required pulmonary edema/congestion by chest radiograph, evidence of a dilated left ventricle or reduced left ventricular ejection fraction by echocardiography or ventriculography, or evidence of left ventricular diastolic dysfunction by echocardiography.
volumes as previously described. 30 Briefly, a stack of short-axis images covering the entire left ventricle was acquired with TR/ TE 8 to 10 ms/3 to 5 ms, flip angle 20°, 6-mm slice thickness, 4-mm gap, flow compensation, in plane resolution 1.4 to 1.6 mm (frequency)92.2 to 2.5 mm. The endocardial and epicardial myocardial borders were contoured using a semiautomated method (MASS 2.4; Medis, the Netherlands). The difference between the epicardial and endocardial areas for all slices was multiplied by the slice thickness and section gap, and then multiplied by the specific gravity of myocardium (1.04 g/ mL) to determine the LVM. 27 For this analysis, of the 6459 participants included, 4763 had available LVM measures.
Covariates
All Approximately 5% or fewer of the study subjects were missing data on education, physical activity, smoking status, systolic blood pressure, or antihypertensive medication use. For the regression analyses, these subjects' values were multiply imputed using chained equations. 37 The multiple analyses over the imputations were combined using Rubin's rules to account for the variability in the imputation procedure. 38 Subgroup-specific hazard ratios (HRs) were calculated to evaluate whether associations were consistent across subgroups. The P values for interactions were evaluated with the Wald test. In exploratory analyses, we used log-linear Poisson regression to determine the adjusted risk difference of high versus low PTH with incident HF by race/ethnic group. We calculated a P value for heterogeneity by bootstrapping.
We performed several sensitivity analyses. We chose a priori to do complete case analyses for all sensitivity analyses rather than use multiple imputations for missing covariates as was done for the primary analyses. In the first sensitivity analysis, we examined whether LVM may mediate any association between PTH and 25(OH)D by repeating our analyses with and without adjustment for baseline LVM among the N=4759 participants who had available LVM measurements. In the second sensitivity analysis, we examined whether the observed associations between elevated PTH and incident HF were consistent for preserved ejection fraction versus reduced ejection fraction HF among participants for whom LVEF was quantified at the time of HF hospitalization. Reduced ejection fraction HF was defined as LVEF <50% based on current guidelines. 39 In the third sensitivity analysis, we examined whether interim nonfatal myocardial infarction (MI) may also potentially mediate the association between PTH and 25(OH)D and incident HF by adjusting for interim adjudicated nonfatal MI. In a final sensitivity analysis, we repeated our main analyses after excluding participants with elevated serum calcium (defined as >10.2 mg/dL) and elevated PTH to exclude those with possible primary hyperparathyroidism, which is less common and may have differing cardiovascular pathophysiology compared with secondary hyperparathyroidism. All analyses were conducted with R Core Team (2013) R: A language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria, URL http://www.R-project.org/). The nominal level of significance was defined as P≤0.05 (2-sided).
Results

Participant Characteristics
Among the 6459 participants in our analyses, mean age was 62 years, 53% were female, and mean systolic blood pressure was 127 mm Hg. The study population was diverse with 12.2% Chinese, 27.2% black, and 21.8% Hispanic participants. Compared with participants who had normal serum PTH concentration, those with elevated PTH were older, more likely to have diabetes, have higher blood pressure, have lower eGFR, and higher urine ACR (Table 1) . Of participants with elevated PTH, 24% were white, 4.9% were Chinese, 43.1% were black, and 28% were Hispanic (Table 1) . Compared with participants who had higher serum 25(OH)D concentration, those with lower 25(OH) D were more likely to be black, more likely to smoke, more likely to have diabetes and have higher eGFR (Table 1) 
PTH and Incident HF
There were 180 incident HF events over a median (interquartile range) follow-up time of 8.46 (7.67 to 8.63) years. Participants with higher PTH had higher crude rates of incident HF ( Table 2 ). The crude rate of incident HF was highest among black and Hispanic participants with high PTH (Figure 1) . Kaplan-Meier analysis demonstrated that the association of high PTH with incident HF was similar throughout follow-up (Figure 2A) .
In unadjusted models, the functional form of the association of PTH with incident HF appeared linear ( Figure 3 , top left panel). In models adjusted for demographic characteristics, participants with higher PTH had a nearly 2-fold risk of incident HF (Table 2) . With additional adjustment for patient characteristics, comorbid diseases, medication use, and measures of kidney function, this association was attenuated but remained statistically significant with a 44% greater risk of incident HF. Adjustment for height and weight in these models was responsible for much of the attenuation (HR 1.96 [1.39, 2.77] to 1.71 [1.2, 2.44] with adjustment for height and weight). Further adjustment for other mineral metabolism markers did not alter this association (Table 2) .
In additional multivariable models (model 3) stratified by important participant characteristics, the association between PTH with incident HF was largely consistent across subgroups. The association of PTH ≥65 pg/mL with incident HF was stronger in blacks, those with eGFR <60 mL/min per 1.73 m 2 , and those in the highest quartile of FGF23, although the interactions for these characteristics were not statistically significant (P>0.05) (Figure 4 ). The adjusted risk difference of high versus low PTH for incident HF by race was highest in blacks (1.3 [0.2, 2.7] events per 1000 person-years for blacks). The adjusted risk difference of high versus low PTH for incident HF was not 
PTH and LVM
The mean LVM was 145 (39) g among the 4763 participants included in this study. In cross-sectional analyses, participants with high PTH had higher mean LVM (Table 3) . In unadjusted models, the association of PTH with LVM appeared linear ( Figure 3 , bottom left panel). In models adjusted for demographic characteristics, LVM was 11.1 g higher in participants with higher PTH. With additional adjustment for patient characteristics, comorbid diseases, medication use, and measures of kidney function, this association was attenuated but remained statistically significant. Adjustment for height and weight in these models was responsible for much of the attenuation (difference in LVM 11.1 [8, 14 .2] to 6.9 [4.1, 9.7] with adjustment for height and weight). Further adjustment for other mineral metabolism markers did not alter this association (Table 3) .
In multivariable models (model 3) stratified by important participant characteristics, the difference in LVM in participants with high PTH was stronger in Chinese participants, and those with eGFR <60 mL/min per 1.73 m 2 , although the interactions for these characteristics were not statistically significant (P>0.05). However, the difference in LVM in participants with high PTH was significantly stronger in men versus women ( Figure 5 ).
25(OH)D and Incident HF
Crude rates of incident HF were similar across categories of 25(OH)D (Table 2) . However, the association of lower 25(OH) 
25(OH)D and LVM
In cross-sectional unadjusted models, the association between 25(OH)D and LVM appeared linear ( Figure 3 , bottom right panel). In multivariable models, there was no association between 25(OH)D with LVM ( 
Sensitivity Analyses
In the first sensitivity analysis, we adjusted for baseline LVM in the models examining the association of PTH with incident HF in the subgroup of participants that had measures of LVM available. In this analysis adjusted for patient characteristics, comorbid diseases, medication use, measures of kidney function, and mineral metabolism markers, the association of (Table 4 ). Similar to the primary analysis, there was no association of insufficient or deficient 25(OH)D with incident HF, which did not change with adjustment for LVM (Table 4 ).
In the second sensitivity analysis, we examined whether the association of elevated PTH with incident HF was similar in preserved ejection fraction versus reduced ejection fraction HF (Table 5) . In these analyses, 37 participants with a HF hospitalization did not have LVEF information available. However, among the remaining participants, we found that the association of elevated PTH was significantly associated Figure 4 . Adjusted association* of high parathyroid hormone (≥65 pg/mL vs <65 pg/mL) with incident heart failure by important subgroups in the Multi-Ethnic Study of Atherosclerosis (N=6459). *Adjusted for age, sex, race/ethnicity, education, height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, SBP, antihypertensive medications, calcium, phosphorus, FGF-23, and 25(OH)D. ACR indicates albumin to creatinine ratio; eGFR, estimated glomerular filtration rate; HR, hazard ratio; SBP, systolic blood pressure. with risk of reduced ejection fraction HF (Table 5 ). While the association of elevated PTH with preserved ejection fraction HF was not statistically significantly, the HR was similar to that in the main analysis (Table 5 ).
In the third sensitivity analysis, we examined whether adjustment for interim adjudicated nonfatal MI attenuated the associations of PTH and 25(OH)D with incident HF. There were 175 nonfatal MI events among study participants during the follow-up period. Adjustment for nonfatal MI very minimally attenuated the association of elevated PTH with incident HF (Table 6 ). Similar to the main analysis, there remained no association of 25(OH)D with incident HF (Table 6 ).
In the final sensitivity analysis, we repeated the analyses examining the associations of PTH with incident HF and LVM, excluding participants with elevated serum calcium (defined as >10.2 mg/dL). Excluding 75 participants (of whom 2 had incident HF events), the multivariable association between elevated PTH and incident HF was unchanged (HR 1.5, 95% CI: 1.02, 2.21). Excluding 55 participants with elevated serum calcium, the difference in LVM among participants with elevated PTH was also unchanged in multivariable models (5.3 g, 95% CI: 2.5, 8.1).
Discussion
Among a large, racially and ethnically diverse population without prevalent cardiovascular disease at baseline, we found that elevated serum PTH concentration was significantly associated with higher risk of incident HF, independent of known HF risk factors. Furthermore, PTH was also associated with greater LVM, and adjustment for LVM partially attenuated the association of PTH with HF. These associations were consistent after adjustment for a comprehensive panel of mineral metabolism markers, including FGF23. In contrast, there was no independent association of 25(OH)D with incident HF or LVM. These results suggest that PTH excess may be associated with incident HF, independent of other mineral metabolism markers, and in part by promoting LVH.
Associations of PTH with incident HF have been reported previously. In a study of older adults in the Cardiovascular Health Study, participants with high serum PTH concentrations had a 30% (95% CI: 6% to 61%) higher risk of incident HF. 3 In a study of older, Swedish men, each SD increment in PTH was associated with 41% greater risk (95% CI: 12% to 77%) of HF hospitalization. 40 Among men 60 to 79 years of age, another study reported that elevated PTH was associated with a 66% (95% CI: 1.30, 2.13) increased risk of incident HF. 41 In contrast, in a European study of middle aged men and women, higher PTH was only associated with incident HF among those who were obese. 42 Contrary to our findings, a recent analysis from The Artherosclerosis Risk in Communities Study did not find an association of elevated PTH with incident HF after adjustment for cardiovascular risk factors.
43 Figure 6 . Association* of low 25-hydroxyvitamin D (<20 ng/mL vs ≥20 ng/mL) with incident heart failure in important subgroups in the Multi-Ethnic Study of Atherosclerosis (N=6459). *Adjusted for age, sex, race/ethnicity, education, height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, SBP, antihypertensive medications, calcium, phosphorus, and PTH. ACR indicates albumin to creatinine ratio; eGFR, estimated glomerular filtration rate; HR, hazard ratio; PTH, parathyroid hormone; SBP, systolic blood pressure. Model 3a: adjusted for age, sex, race/ethnicity education, height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, systolic blood pressure, antihypertensive medications, calcium, phosphorus, FGF-23, PTH/25(OH)D (alternative measure to the predictor). Model 3b: Model 1+baseline LVM. ACR indicates albumin to creatinine ratio; eGFR, estimated glomerular filtration rate; pys, person years. *These analyses were based on a complete case approach in which participants with missing covariate data were excluded (rather than using multiple imputation for missing covariates as was done for the primary analyses).
The main difference between our study and this one was that we included slightly older participants as well as Chinese and Hispanic participants, which may explain in part the discrepant findings. 43 Overall, our study extends prior investigations by studying a relatively large, racially/ethnically diverse population with a broad age range and free of clinical cardiovascular disease at baseline. Black race, in particular, is a known risk factor for 25(OH)D deficiency and elevated PTH concentration as well as HF, particularly at younger ages. 23 In our study population, while heterogeneity of the PTH-HF association by race/ethnicity was not statistically significant, it is interesting that the prevalence of elevated PTH concentration and the rate of incident HF were highest among black participants and that the adjusted risk difference of high versus low PTH was statistically significant in blacks and not in other race/ethnic groups. A previous study also noted important race/ethnic differences in the association of mineral metabolism markers with risk of coronary heart disease. 34 Our results suggest that there may be heterogeneity in the association of elevated PTH with HF by race/ethnic group. This warrants further investigation, particularly among black participants. Prior studies have also noted associations of elevated PTH concentrations with greater LVM. In a study of middle-aged men and women from Norway, those with the highest concentrations of serum PTH had 12% to 17% higher adjusted LVM. 9 A study of Cardiovascular Health Study participants as well as a study of Dutch participants found associations of ACR indicates albumin to creatinine ratio; eGFR, estimated glomerular filtration rate; HR, hazard ratio; MI, myocardial infarction; pys, person years. *These analyses were based on a complete case approach in which participants with missing covariate data were excluded (rather than using multiple imputation for missing covariates as was done for the primary analyses).
PTH with higher LVM only in those with reduced eGFR. 44, 45 In our study, associations of elevated PTH with LVM was not stronger among participants with eGFR <60 mL/min per 1.73 m 2 . Another study of men and women with primary hyperparathyroidism noted no difference in LVM compared with healthy controls. 46 In our study, we excluded the few participants with possible primary hyperparathyroidism and focused on possible secondary hyperparathyroidism, which may explain the difference between our study and this prior study.
Our Adjustment for other mineral metabolism markers including serum calcium, phosphorus, and FGF23 did not attenuate the association of higher PTH with incident HF and higher LVM, suggesting that excess PTH may have an independent effect on cardiomyocytes. FGF23 is considered to be causal in inducing cardiac hypertrophy. 56 However, we observed that PTH excess may be associated with HF and increased LVM, independent of FGF23 and other mineral metabolism markers. We did, however, note that the association of higher PTH with incident HF was stronger for participants in the highest quartile of FGF23, although the interaction by FGF23 concentration was not statistically significant. Adjustment for a comprehensive panel of simultaneously measured mineral metabolism markers in our study is an advance over prior investigations. Our study had several strengths. We studied a large, racially/ethnically diverse community-based population, which extends the external validity of our findings. Incident HF was defined by rigorous adjudication processes. Cardiac magnetic resonance imaging, a "gold standard" technique, was used to quantify LVM and was centrally read. Thus, our ascertainment of our outcomes was rigorous. We were able to reduce residual confounding because MESA excluded people with prevalent clinical cardiovascular disease and because we adjusted for a comprehensive panel of important mineral markers. We do recognize a few limitations as well. We had single baseline measures of PTH and 25(OH)D. We were not able to capture use of vitamin D supplements. It is possible that cases of incident HF were missed as the adjudication process for HF relied on initial participant reporting of a hospitalization. This was an observational study, so we cannot determine causality.
In conclusion, in a racially/ethnically diverse population without prevalent cardiovascular disease, elevated serum PTH concentration was associated with increased LVM and increased risk of incident HF. These results are consistent with prior investigations and extend these findings to a more generalizable patient population. Our study may augment a body of growing literature that supports the need for further intervention studies to determine whether targeting elevated PTH may help prevent or treat HF.
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